The objective of these studies is to define the role of zinc in RBC ghost morphology specifically in comparison to the echinocytogenic effects of calcium. Erythrocyte ghosts were prepared from patients with sickle cell anemia, treated with zinc and/or calcium and the resulting cell morphology studied by scanning electron microscopy. Our results showed that zinc consistently and significantly antagonized the echinocytogenic effect of calcium. A simple log linear statistical model was used to evaluate the data and supported this conclusion. We discuss the potential significance of these findings to the effect of zinc treatment on patients with sickle cell anemia.
The main objective of this paper is to present data which we interpret as showing that zinc effectively antagonizes the calcium-induced discocyteechinocyte transformation in ghosts prepared from the red cells of patients with sickle cell anemia (SCA). Additionally, the presence of zinc in the ghost preparation is correlated with what appears to be a heretofore undescribed form of ghost. Finally, we have found that the compound trinitrocresol (TNC; 2, 4, 6-trinitro-3-methyl-phenol) previously used to stimulate calcium uptake by whole red cells (8) , is an effective agent for inhibiting zinc uptake by such cells.
Our attention has been previously drawn to a calcium-zinc antagonism in the red cell membrane by studies which showed that zinc partially blocks the calcium-induced hemoglobin (Hb) retention in RBC ghosts (7) , and further that zinc will displace the calcium which binds to RBC ghost membranes (4) . Recent studies have suggested an important role for calcium in producing membrane damage in sickle red cells (9) . Thus, the calcium-antagonizing effect of zinc may be useful in preventing membrane damage in sickle cells. In preliminary studies oral zinc therapy has produced hematologic and symptomatic improvement in uncontrolled trials (3, 5) . Such zinc therapy significantly reduces the count of irreversibly sickled cells, giving objective evidence of an in vivo effect (3) . We speculate that there may exist a relationship between these observations in that oral administration of zinc to SCA patients may result in zinc antagonism of the deleterious calcium at the level of the SCA RBC membrane.
MATERIAL AND METHODS
Fresh sickle red blood cells were washed three times by centrifugation with saline (buffy coat removed) and subjected to one of four treatments. One vol of packed whole cells was suspended in nine vol of either 3 mM maC1 (control), 1.5 raM ZnSO~, I raM CaCI 2 or both ZnSO~ and CaCI 2. The pH of the hemolysates ranged from 6.51 to 6.87. After 20 minutes stirring at room temperature the ghosts were centrifuged at 28,000 g for ]0 minutes at 4 ° C.
The supernatant was removed and the ghost cell pellet was resuspended for 20 minutes in five vol of IO mM Tris-HCl (pH 7.4) in saline (reconstituting buffer). The ghosts were than washed twice by centrifugation (International clinical centrifuge, Model CL, at top speed) with reconstituting buffer. These reconstituted single stage ghosts were fixed for scanning electron microscopy (SEM) by a two hour room temperature incubation in 2% glutaraldehyde in 0.2 M sodium cacodylate (pH 7.4). The ghost cells were then subjected to progressive ]5 minutes washings with ethanol (20, 40, 60 , 80 and 100% ethanol in water) and then ethanol/n-amyl acetate solutions (respectively by volume, 80/20, 60/40. 40/60, 20/80 and finally 100% amyl acetate). The ghost suspen-sions were critical point dried on a glass slide and gold coated to a thickness of 200 A. The types of ghosts in the electron micrographs (15OO magnification, 30 ° tilt, 15kV) were counted by a technician blinded with respect to slide identification.
Ghost cell morphology was classified as one of three types (Fig. I , A-C); (I) eehinocytes, including types II, III and IV (I 1 (Fig. I-A) , (2) smooth (folded) cells (Fig. I-B) , or (3) flat cells (Fig. I-C) . The smooth (or folded) ghost cell shape was apparent in contrast to the echinocytic cells which showed the characteristic spicules projecting from the membrane. The flat ghost cell form was distinguished from the smooth and echinocytic forms, not only by the absence of spicules, but also by its primarily two-dimensional appearance on the slide. The two non-echinocytic membrane types described here are not discussed or classified by BESSIS (I) and until more experience is obtained with the effect of zinc on ghost cell morphology, the descriptive terms smooth (folded) or flat, two dimensional will be used to describe the membrane forms seen in Fig. I .
Electron microscope grid sections were randomly chosen for photographing, although those photographs were rejected which showed piles of aggregates of cells which made it difficult to distinguish discrete cell membranes. Having no means to quantitate the surface areas of membranes of the different cell types which were seen in the micrographs, we can only report that of the more than 150 photographs examined, the smooth or flat cell membranes appeared to be membranes of essentially whole cells, not cell fragments. Cell fragments and pieces, when occasionally seen, were not included in the cell counts.
Cells treated with TNC were prepared by incubating saline washed erythrocytes (hematocrit of 10) in I0 mM NaCI, 14 mM KCI, 2 mM MgCI2, I mM TNC, I0 mM Tris-HCl (pH 7.4), and ZnCI 2 and/or CaCI 2 at concentrations given in the results. Non-TNC control cells were also used. Where designated, 3.5 ~Ci/ml of 65Zn++ or 3.2 ~Ci/ml of 45Ca++ were added to these test solutions prior to incubation. The red cells were incubated for 16 hours at 4°C and then washed three times by centrifugation at 4°C (International clinical centrifuge, model PR-2) with a solution identical to the incubation buffer, except that the TNC and radionuclides were omitted. The cells were then counted for radioactivity or prepared for SEM as described by MATHESON and HOWLAND (12) with the exception that 2% glutaraldehyde and 0.2 M sodium cacodylate buffers were used.
Reagent grade chemicals were used throughout these experiments. TNC was purchased from Du-Good Chemical Laboratory, St. Louis, Mo. The radioactive nuclides were obtained from New England Nuclear, Boston, Mass.
Sickle cell blood was obtained by venipuncture from three adult male patients housed in the Clinical Research Unit of the University of Michigan Hospital. Normal blood was obtained from healthy laboratory personnel. All blood was collected into zinc-free heparin and used within two hours.
Statistical treatment involved fitting the observed data to loglinear models (6) . The results were evaluated by employing likelihood ratio test criteria, which lead asymptotically to standard chi-square distributions (221 .
RESULTS
The morphological effects of zinc and/or calcium on sickle red blood cell ghosts were evaluated from electron micrographs of treated cells (Fig. 1,A-C) . A chi-square analysis of all the data is presented in Tab. 2 and yields three important pieces of information. First, experimental treatments account for a great deal of the variation, and are highly significant (p<.O01).
Second, the effects of zinc and calcium are largely additive (although of opposite sign), and no interaction between them is necessary to account for the results. Third, the residual variation is considerable. This residual represents varied responses of different subjects to the different treatments.
It is not possible to determine from the results whether these differences represent experimental noise or true genotypic differences and this question must remain open pending further experiments. We can measure treatment differences relative to this residual, however, to obtain conservative tests.
If each chi square is divided by its degrees of freedom, and if the resulting "mean squares" are divided by the "mean square" for the residual, we obtain Not only does the zinc antagonize the calcium effect but further appears to exert a morphological effect of its own (Tab. I). This zinc effect can be seen in the increase in the percent smooth and especially the flat ghosts with the zinc-only treated cells.
We attempted to document a similar zinc-calcium antagonism with normal whole erythrocytes by treating red cells with zinc and/or calcium in the presence of TNC (see Methods). We were able to confirm the increased uptake of calcium by red cells using TNC (8) (16), a change in cell shape from discocyte to echinocyte (24) and an increased membrane permeability to potassium (2). The complex relationship between calcium levels and its inhibiting-stimulating effect on Na+-K+ ATPase (20) is still under investigation. NAKAO et al. (13) were the first to point out that as the ATP concentration was decreased in incubated whole cells, the shape of these cells changed from disc to echino- The results of increasing RBC calcium levels are well defined and clearly deleterious to the cell. It may be significant, therefore, that zinc will antagonize the calcium and calcium-Hb interactions with ghost membranes (7) as well as improve sickle cell filterability through Nuclepore filters (4).
The data presented here extends these observations. Zinc not only decreases the control level of echinocyte forms of sickle cell ghosts but effectively neutralizes the echinogenic effect of added calcium. The appearance of the flat, two-dimensional ghost membrane is correlated with the presence of zinc.
This zinc effect on sickle RBC ghost morphology is probably an extension of an earlier observation with ghosts from normal RBC where it was reported that increased Hb was retained by calcium-treated ghosts as compared to ghosts made without calcium present (16) . We have observed that when zinc was added together with the calcium, then much less Hb was retained by the ghost membranes as compared to calcium alone (7) . The same results were noted in the present study with SCA RBC. The control and calcium-treated ghosts were observed to have more Hb color than either the zinc or zinc-calcium treated ghosts. It is not possible from the available data to specifically define the mechanism(s) of this zinc effect on ghost Hb retention. The zinc may compete directly with the calcium at a specific membrane site or there may be a more indirect Zn-membrane interaction which secondarily displaces calcium and Hb.
While the mechanism of in vitro zinc action is of great interest, the major point is that the zinc-calcium antagonistic effects on ghost membrane morphology seen here further demonstrates that zinc will function as a "counter ion"
to calcium.
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